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Abstract: A perforated plate with stepwise apertures (PPSA) is proposed to improve sound absorp-
tion for low frequencies. In contrast with an ordinary perforated plate with insufficient acoustic
resistance and small acoustic mass, the perforated plate with stepped holes could match the acoustic
resistance of air characteristic impedance and also moderately increase acoustic mass especially at
low frequencies. Prototypes made by 3D printing technology are tested in an impedance tube. The
measured results agree well with that of prediction through theoretical and numerical models. In
addition, an absorber array of perforated plates with stepwise apertures is presented to extend the
sound absorption bandwidth due to the introduced multiple local resonances.
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1. Introduction

Porous materials and resonant structures are widely used for sound absorption [1,2].
Typical resonant structures for sound absorption are perforated plates, micro-perforated
plates, Helmholtz resonators and thin plate resonators. One of the conditions for effective
sound absorption in resonant structures is that their acoustic resistance should match the
characteristic impedance of the air. Usually, the acoustic resistances of an ordinary perfo-
rated plate with apertures in the range of a few millimeters to centimeters are insufficient
and therefore the absorption coefficients are very small. In building acoustics, perforated
plates with large perforation ratio are often used as protective plates over porous layers
for sound absorption [3–5]. To replace porous materials, Maa proposed a well-known
micro-perforated plate (MPP) for sound absorption in the 1970s [6]. For MPP, the apertures
are reduced to submillimeter and thus sufficient acoustic resistances can be provided when
the perforation ratio is specified. Additionally, in contrast with Helmholtz resonators,
when the frequency is away from the resonance frequency, the acoustical reactance of MPP
increases slowly to ensure the value is smaller than that of the acoustical resistance in a
wide bandwidth, and this characteristic guarantees the broadband absorption of MPP.

When the perforation ratio is constant, MPP with smaller aperture has better sound
absorption performance, while in the meantime, the number of holes is increased and the
thickness shall be thinner [7]. The increase of hole numbers will increase the cost for the
perforation and thinner plates may result in insufficient strength in application. In contrast,
a thick MPP with small apertures will lead to excessive acoustic resistance and a decrease
in sound absorption performance. To reduce the acoustic resistance of a thick MPP, MPP
with variable section have been proposed in recent years [8–11]. Randeberg [8] proposed a
micro-horn shaped MPP and the numerical results showed that micro-horn perforation has
the potential to improve the sound absorption bandwidth. Sakagami et al. [9] conducted a
pilot study to improve the absorption of a 10 mm thick MPP using a tapered perforation,
and the measured results exhibited the shift of the resonant frequency to lower frequencies,
but the absorption peak decreases. Lu et al. [10] studied the acoustic properties of MPP
with variable cross-section, and showed that the absorption performance of such MPP
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mainly depends on the part of small holes, and the part of large holes is only to increase the
plate thickness. He et al. [11] experimentally analyzed the effects of tapered and stepped
holes on the sound absorption performance of thick MPP, and the results showed that
large tapered holes can broaden the absorption bandwidth in the higher frequency domain.
Based on the MPP model, Ma [12] performed an equivalent simulation of the experimental
results for a tapered MPP, and the equivalent aperture obtained is between the large part
and the small part of the tapered hole. Qian et al. [13] developed a numerical model of MPP
with a tapered hole in the acoustic module of COMSOL Multiphysics, and the simulation
results showed that the absorption performance of MPP with tapered holes was mainly
influenced by the inlet diameter and outlet diameter. In addition, Jiang et al. [14] gave an
empirical impedance correction model related to the cross-sectional ratio based on 176 sets
of numerical simulations. These aforementioned literatures concern with reducing the
excess acoustic resistance of large-thick MPPs by replacing straight-through holes with
sub-millimeter variable cross-section holes.

In comparison with MPP, perforated plates with large apertures have the advantage
of less perforation holes if the acoustic resistance can be improved sufficiently through
some ways. Recently, various perforated structures for low to medium sound absorption,
such as perforated panel with extended tubes (PPET) [15], composite honeycomb sandwich
panels (CHSPs) [16], perforated composite Helmholtz-resonator (PCHR) [17], coiled space
resonators (CSRs) [18], parallel-arranged perforated panel absorbers (PPAs) [19], panel
containing coiled Helmholtz resonators [20] and inhomogeneous multi-layer Helmholtz
resonators with extended necks (HRENs) [21], have been investigated. However, perforated
plates with stepwise apertures for low frequency sound absorption have not been reported.
For this motivation, a perforated plate with stepwise apertures (PPSA) larger than 1.5 mm
is proposed for low-frequency (100–300 Hz) sound absorption in a compact space.

Additionally, the array structures consisting of multiple sub-absorbers in parallel
arrangement have been studied to improve the sound absorption. Cha et al. [22] designed
a MPP absorber array with two different cavities and gave the measured normal absorp-
tion coefficients by impedance tube. Wang et al. [23] established a numerical model to
study the sound absorption mechanism of a MPP absorbers array with different cavity
depths in detail. Uenishi et al. [24,25] studied a permeable membranes absorber array
(PMAR) numerically and experimentally, and the results showed that PMAR is an effective
absorbing structure due to the influence of multiple locally reacting air cavities at different
depths. Furthermore, Wu et al. [26] proposed a profiled structure using perforated plates
in some wells, thus adjusting the depths of the wells to improve low frequency absorption.
In this paper, based on the local resonance effect, without changing the structure parame-
ters, a simple PPSA absorbers array is initially designed to extend the sound absorption
bandwidth only by inserting one rigid partition plate in the air cavity.

This paper is organized as follows. In Section 2, theoretical and numerical models are
developed to predict the absorption coefficients of PPSA sound absorbers, and the predic-
tions are verified by impedance tube measurements. In Section 3, the sound absorption
performances of PPSA absorber and single perforated panel (PP) absorber are compared
and discussed, and a simple array structure of two PPSA absorbers in parallel is presented
to improve low frequency sound absorption. Finally, conclusions are drawn in Section 4.

2. Models and Methods
2.1. Theoretical Calculation

Figure 1a shows the structure of a PPSA absorber, which consists of a PPSA and an
air cavity supported by a rigid wall. The PPSA is perforated with a series of stepped
holes, which are composed of two unequal circular apertures in the coaxial line. For each
circular aperture, the ratio of diameter to depth is greater than 1 and the diameter is not
less than 1.5 mm. The diameter, thickness and perforation ratio of the small aperture are d1,
t1, σ1, those of the large aperture are d2, t2, σ2, respectively, and the air cavity depth is D.
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Structurally, PPSA can be viewed as a serial combination of two perforated panels PP1 and
PP2 without spacing.
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Figure 1. A perforated plate with stepwise apertures (PPSA) absorber. (a) Structure diagram; (b) One-
dimensional acoustical system.

Based on the transfer matrix method [27], for the one-dimensional acoustical system
element of PPSA absorber, as shown in Figure 1b, the sound pressure p1 and particle
velocity u1 on the left side and the sound pressure p3 and particle velocity u3 on the right
side can be expressed as: [

p1
u1

]
=

[
T11 T12
T21 T22

][
p3
u3

]
, (1)

where T11, T12, T21 and T22 are the four pole parameters of the total transfer matrix [T].
The total transfer matrix [T] is obtained by multiplying the unit transfer matrix of PP1, PP2
and air cavity, written as:

[T] = [TPP1][TPP2][TAir], (2)

For PP1 and PP2, the transfer matrix [Tpp] can be given as:

[TPP1,2] =

[
1 ZP1,2
0 1

]
, (3)

The acoustic energy loss of the perforated panel mainly includes the air viscous
dissipation inside the hole and the end correction caused by viscous friction and sound
radiation. Therefore, the acoustic impedance of perforated panel is the sum of the acoustic
impedance inside the hole and the end correction outside the hole. According to the viscous
motion theory in the tube derived by Rayleigh and simplified by Crandall [28], the acoustic
impedance in the circular hole is expressed as:

zhole = jωρ0t

[
1− 2

k
√
−j

J1
(
k
√
−j
)

J0
(
k
√
−j
)]−1

, (4)
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According to Ingard and Rayleigh theory [29], the corrections of acoustic resistance
and reactance at both ends of the hole are

√
2ωρ0η/2 and 0.85d, respectively. Due to the

continuity of the surfaces of PP1 and PP2, the corrections of acoustic impedance at one end
is considered. Thus, the acoustic impedance of PP1 and PP2 is written as:

For the air cavity, the transfer matrix [TAir] can be written as:

ZP1,2 =
1

σ1,2

jωρ0t1,2

(
1− 2

k1,2
√
−j

J1
(
k1,2
√
−j
)

J0
(
k1,2
√
−j
))−1

+ jω0.425d1,2 +

√
2ωρ0η

4

, (5)

[TAir] =

[
cos(k0D) jρ0c0 sin(k0D)

j sin(k0D)/ρ0c0 cos(k0D)

]
, (6)

where ω = 2πf is the angular frequency, η is the dynamic viscosity coefficient of the air,
k = d

√
ωρ0η/2 is the ratio of the inner radius to the viscous boundary layer thickness

inside the tube, for square arrangement, perforation ratio σ = 0.785d2/b2, d and b are the
diameter of holes and the spacing between holes, J0 and J1 are the Bessel functions of the
zero order and the first order, respectively. ρ0 is the air density, c0 is the sound speed in the
air, k0 = ω/c0 is the air wave number.

Since the air cavity is supported by a rigid wall, the particle velocity on the rigid wall
is u3 = 0. Therefore, it can be obtained from Equation (1):

p1 = T11 p3, u1 = T21 p3, (7)

Then, the surface impedance of the PPSA absorber at normal incidence is expressed
as:

Z =
p1

u1
=

T11

T21
(8)

Therefore, the surface reflection coefficient of the PPSA absorber is given by:

R =
Z− ρ0c0

Z + ρ0c0
(9)

Thus, the absorption coefficient of the PPSA absorber for normal incident wave is
written as:

α= 1−|R|2 =
4Re(Z/ρ0c0)

[1 + Re(Z/ρ0c0)]
2 + [Im(Z/ρ0c0)]

2 (10)

2.2. FEM Simulation

In the thermo-viscous and pressure acoustics frequency domain interface of COMSOL
Multi-physics, 3D finite element models are performed to simulate the acoustic behavior
of the PPSA absorber under normal incidence. Considering viscosity and thermal loss,
the acoustic field of single PPSA is built up in the thermo-viscous-acoustics, frequency
domain interface, as shown in Figure 2a. Due to the stepped hole is a symmetric structure,
to reduce the simulation time, 1/4 unit of the stepped hole is constructed. This numerical
element model is composed of a stepped hole domain, two air domains and two perfectly
matched layers (PML) at the ends. Moreover, the background pressure field is defined
in an air domain, and PML acts as an infinite air field. The domains marked by the
yellow and red line are the inlet and outlet surfaces of acoustic wave, respectively. In the
simulation, the maximum frequency is chosen as 1000 Hz, the calculated frequency range is
100–500 Hz and the frequency interval is 5 Hz. For the stepped hole domain, the maximum
element size of free tetrahedral meshes is set as the viscous boundary layer thickness size,
and for the background sound field and air domain, the maximum element size of free
tetrahedral meshes are equal to 1/3 of the small hole radius. In addition, the distribution
of mesh elements for PML is at least six layer using the swept node. The mechanical and
thermal boundary conditions for the sidewalls of the steppe hole are no slip and isothermal,
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respectively. For a stepped hole with d1 = 1.5 mm, d2 = 4 mm, t = 2 mm and hole spacing
of 5 mm, the 3D finite model is meshed with a total of 72,269 tetrahedral meshes and the
maximum element for the stepped hole domain is 0.07 mm.

The transfer impedance Ztrans of the PPSA is defined as [6]:

Ztrans =
∆p
u

(11)

where ∆p is the pressure drop between the inlet and outlet surfaces, and u is the mean
velocity in the stepped hole. Then, define the numerical value of Ztrans as a global variable
using derived values.
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After that, a finite element model of the PPSA absorber is established in the pressure
acoustics frequency domain interface. The upper PML acts as an infinite air domain, the
sound incident is placed in background pressure field and the air cavity behind the PPSA
is set as air domain, as shown in Figure 2b. The values of the transfer impedance Ztrans are
then imported using the Interpolation function command in the Definitions toolbar, thus
the acoustic impedance of the PPSA can be defined by the built-in impedance. Thus, the
sound pressure reflection coefficient R is expressed as:

R =
psc

pin
(12)

where psc and pin are the scattered and incident sound pressure, respectively. Finally, the
sound absorption coefficient of the PPSA absorber can be obtained from Equation (10).

Figure 3 plots the theoretical and simulated sound absorption of PPSA absorbers with
different perforation ratio and cavity depth. The parameters for three PPSA absorbers
are listed in Table 1, for PPSA1 and PPSA2 absorbers, the theoretical sound absorption
coefficient curves are the same as that of the numerical simulation. In addition, for PPSA3
there is an offset of about 2 Hz between the theoretical and the numerical resonances.
In addition, in Figure 3b, there exists a difference between the theoretical and simulated
acoustic resistance at frequencies far from resonance, which may be further modified by
model mesh refinement and considering the thermal effects of air in the calculations, but its
acoustic reactance is almost identical. Overall, the finite element simulation is in agreement
with the theoretical calculation.
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Figure 3. The theoretical and simulated results for PPSA absorbers. (a) Sound absorption coefficients;
(b) Specific acoustic impedance.

Table 1. Parameters for three PPSA absorbers in the theoretical and simulated comparison.

Parameters PPSA1 PPSA2 PPSA3

d(d1/d2) (mm) 1.5/4 1.5/4 1.5/4
t(t1/t2) (mm) 1/1 1/1 1/1
σ(σ1/σ2) (%) 0.27/1.92 0.23/1.60 0.18/1.28

D (mm) 25 50 100

2.3. Experiment Measurements

To further verify the feasibility of the theoretical and numerical models, the sound
absorption coefficients of PPSA absorber at normal incidence are measured by SW422
impedance tube with diameter of 100 mm, as shown in Figure 4a, and PPSA samples are
made of resin materials by 3D printing using SLA (light curing molding) equipment. The
outer diameter of the specimen is about 99 mm, so the sample is placed in the specimen
tube with sealing strips or tape to ensure the tightness.

The sound absorption measurement in impedance tube follows the two-microphone
transfer function method [30], and the principle is described below. The sound pressure p1
and p2 of two microphones located at position 1 and position 2 are expressed as:

p1 = PIejk0x1 + PRe−jk0x1 , p2 = PIejk0x2 + PRe−jk0x2 (13)

The transfer function of the incident wave and the reflected wave are written as:

HI =
p2I
p1I

= e−jk0(x1−x2) = e−jk0s, HR =
p2R
p1R

= ejk0(x1−x2) = ejk0s (14)

According to Equation (13), the transfer function of the total sound field is denoted as:

H12 =
p2

p1
=

ejk0x2 + re−jk0x2

ejk0x1 + re−jk0x1
(15)

Substituting Equation (14) into Equation (15), the reflection coefficient is expressed as:

r =
H12 − HI
HR − H12

ej2k0x1 (16)

where x1 and x2 are the distances between microphone position 1 or position 2 and the
front surface of the test sample, respectively, and s is the distance between two microphone
position 1 and position 2. Once the reflection coefficient is determined, the sound absorption
coefficient of the test sample can be calculated.
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The sound absorption coefficients of a PPSA absorber in the frequency range of
100–300 Hz from theoretical, numerical and experimental results are plotted in Figure 4b.
The parameters of the PPSA are d1 =1.5 mm, d1 =3 mm, t1 = 1 mm, t2 = 1 mm, p1 = 0.24%,
p2 = 1.08% and the air cavity depth is D = 80 mm. The peak frequencies of three absorption
coefficient curves are almost at 190 Hz, and the peaks are 0.999, 0.999 and 0.992, and the
frequency ranges of absorption coefficients greater than 0.6 are 152–244 Hz, 153–242 Hz
and 154–239 Hz, respectively. The results showed that there are tiny errors between the
measured and predicted results. These unavoidable deviations may be due to factors such
as machining accuracy and inaccurate mounting. In conclusion, the proposed theoretical
and numerical models are feasible for predicting the sound absorption of the PPSA absorber.
Meanwhile, it implies that the expected sound absorption is also relied on the accuracy of
the sample processing.

Appl. Sci. 2021, 11, 6180 7 of 14 
 

where x1 and x2 are the distances between microphone position 1 or position 2 and the 

front surface of the test sample, respectively, and s is the distance between two micro-

phone position 1 and position 2. Once the reflection coefficient is determined, the sound 

absorption coefficient of the test sample can be calculated. 

The sound absorption coefficients of a PPSA absorber in the frequency range of 100–

300 Hz from theoretical, numerical and experimental results are plotted in Figure 4b. The 

parameters of the PPSA are d1 =1.5 mm, d1 =3 mm, t1 = 1 mm, t2 = 1 mm, p1 = 0.24%, p2 = 1.08% 

and the air cavity depth is D = 80 mm. The peak frequencies of three absorption coefficient 

curves are almost at 190 Hz, and the peaks are 0.999, 0.999 and 0.992, and the frequency 

ranges of absorption coefficients greater than 0.6 are 152–244 Hz, 153–242 Hz and 154–239 

Hz, respectively. The results showed that there are tiny errors between the measured and 

predicted results. These unavoidable deviations may be due to factors such as machining 

accuracy and inaccurate mounting. In conclusion, the proposed theoretical and numerical 

models are feasible for predicting the sound absorption of the PPSA absorber. Meanwhile, 

it implies that the expected sound absorption is also relied on the accuracy of the sample 

processing. 

 
 

(a) (b) 

Figure 4. Experimental setup and results. (a) Impedance tube system and test sample; (b) Absorp-

tion coefficients of PPSA absorber from three models: theoretical, FEM and experimental. 

3. Results and Discuss 

3.1. Sound Absorption of PPSA and Single Perforated Panle(PP) Absorber 

To explain the feasibility of the proposed PPSA structure for low frequency sound 

absorption, comparisons of the sound absorption of PPSA absorber with that of single PP 

absorber are given here, with a depth of 80 mm for each air cavity. Figure 5 displays the 

theoretical sound absorption coefficients and acoustic impedance of PPSA and single PP 

absorbers with the same perforation ratio. The relevant parameters of PPSA and PP are 

listed in Table 2. In Figure 5a, the resonance peaks of PPSA, PP1 and PP2 absorber are 

located at 168 Hz, 195 Hz and 219 Hz, and the bandwidth of the sound absorption coeffi-

cient well above 0.6 are 76 Hz, 40 Hz and 110 Hz, respectively. In Figure 5b, PPSA has a 

relatively matched acoustic resistance from 1 to 1.41 in the range of 100–300 Hz. In con-

trast, the acoustic resistance of PP is extremely inadequate, especially the maximum 

acoustic resistance of PP1 with a large aperture is below 0.5. In addition, compared to the 

PP absorbers, the zero acoustic reactance of the PPSA absorber is shifted to a lower fre-

quency. Even though, PP2 has a relatively large absorption bandwidth, its resonant fre-

quency occurs at higher frequency, and a large number of perforations will increase the 

manufacturing costs. Thus, PPSA is more suitable for low-frequency sound absorption. 

Figure 4. Experimental setup and results. (a) Impedance tube system and test sample; (b) Absorption
coefficients of PPSA absorber from three models: theoretical, FEM and experimental.

3. Results and Discuss
3.1. Sound Absorption of PPSA and Single Perforated Panle(PP) Absorber

To explain the feasibility of the proposed PPSA structure for low frequency sound
absorption, comparisons of the sound absorption of PPSA absorber with that of single
PP absorber are given here, with a depth of 80 mm for each air cavity. Figure 5 displays
the theoretical sound absorption coefficients and acoustic impedance of PPSA and single
PP absorbers with the same perforation ratio. The relevant parameters of PPSA and PP
are listed in Table 2. In Figure 5a, the resonance peaks of PPSA, PP1 and PP2 absorber
are located at 168 Hz, 195 Hz and 219 Hz, and the bandwidth of the sound absorption
coefficient well above 0.6 are 76 Hz, 40 Hz and 110 Hz, respectively. In Figure 5b, PPSA
has a relatively matched acoustic resistance from 1 to 1.41 in the range of 100–300 Hz. In
contrast, the acoustic resistance of PP is extremely inadequate, especially the maximum
acoustic resistance of PP1 with a large aperture is below 0.5. In addition, compared to
the PP absorbers, the zero acoustic reactance of the PPSA absorber is shifted to a lower
frequency. Even though, PP2 has a relatively large absorption bandwidth, its resonant
frequency occurs at higher frequency, and a large number of perforations will increase the
manufacturing costs. Thus, PPSA is more suitable for low-frequency sound absorption.
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Figure 5. Sound absorption of PPSA and single PP absorbers with the same perforation ratio.
(a) Sound absorption coefficients; (b) Specific acoustic impedance.

Table 2. Parameters for PPSA and single PP absorbers with the same perforation ratio.

Parameters PPSA Single PP1 Single PP2

d(d1/d2) (mm) 1.5/3 3 1.5
t(t1/t2) (mm) 1/1 2 2
σ(σ1/σ2) (%) 0.21/0.81 1.02 1.02

Figure 6 illustrated the theoretical sound absorption coefficients and acoustic impedance
of PPSA and single PP absorbers with the same hole spacing. The parameters of PPSA
and PP are given in Table 3. First, comparing PPSA and PP1, their resonant frequencies
are close to 153 Hz and their sound reactance curves are almost overlapping as shown in
Figure 6b. For PPSA with d1 = 2 mm and d2 = 4 mm, its thickness is t = 2 mm, while for
PP1 with d = 4 mm, its thickness is 6.5 mm, thus the panel thickness of PPSA is about 3.25
times that of PP1. That is, for the same cavity depth and hole spacing, when PPSA and PP
absorbers are resonating at the same frequency, PP with the large hole diameter requires
a larger thickness. Meanwhile, the resonance peak of PPSA is close to 1, and that of PP1
is 0.88. The sound absorption coefficient of PPSA is greater than 0.6 from 135 Hz–196 Hz,
and that of PP1 is greater than 0.6 from 143 Hz–182 Hz. Obviously, the sound absorption
of PPSA is better than that of PP1. Furthermore, for PP2 of the thickness t = 2 mm, its
resonance occurs at a higher frequency of 226 Hz with a peak of only 0.6. This is due to its
inadequate acoustic resistance and high acoustic reactance. Therefore, the introduction of
stepped holes not only effectively increase the acoustic resistance, but also shift the zero
acoustic reactance of the PPSA absorber to lower frequencies.
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Table 3. Parameters for PPSA and single PP absorbers with the same hole spacing.

Parameters PPSA Single PP1 Single PP2

d(d1/d2) (mm) 2/4 4 4
t(t1/t2) (mm) 2 7 2

b (mm) 39.6 39.6 39.6

3.2. Sound Absorption of PPSA Absorber with Varied Hole Spacing, Aperture and Plate Thickness

The theoretical absorption coefficients of the single PPSA absorber with varied hole
spacing, aperture and plate thickness are marked with the color bar in Figure 7a–d. The
parameters of PPSA are listed in Table 2 and hole spacing b = 30 mm, air cavity D = 80 mm.
In Figure 7a, when other parameters remain unchanged, with the increase of hole spacing
b, the effective sound absorption is distributed in the lower frequency range, and the
maximum sound absorption coefficient reaches 1 and then decreases. In Figure 7b, when
aperture d1 increases, the resonance shifts to higher frequencies and becomes weak, and
the maximum sound absorption coefficient is significantly reduced. That is, when the
perforation ratio is constant, the PPSA with a smaller aperture d1 is more conducive to
sound absorption in the low frequency range. The effect of aperture d2 on the sound
absorption is similar to that of aperture d1, so no explanation is given here. In Figure 7c, as
the thickness t1 increases, the resonance occurs in the lower frequency, but the maximum
sound absorption coefficient becomes lower. This is because the small aperture with a large
thickness causes excessive damping. In Figure 7d, when the thickness t2 increases, the
resonance also moves to lower frequencies, however, the maximum absorption coefficient
of almost 1 is perfect in the whole range of t2. This is because for the large aperture,
the sound mass changes obviously as the thickness increases, while the sound resistance
changes relatively slightly. Therefore, proper parameters should be considered to obtain an
effective PPSA absorber for low frequency sound absorption.
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3.3. Sound Absorption of PPSA Absorber Array

Due to its Helmholtz resonance nature, PPSA absorber exhibits good sound absorption
in the vicinity of the resonance. To further improve the sound absorption of PPSA absorber,
only one rigid plate is inserted to separate the air cavities, thus introducing additional
resonances to expand the absorption bandwidth, while the structural parameters of the
PPSA remain unchanged.

Without loss of simplicity, a PPSA absorber array consisting of two sub-PPSA ab-
sorbers arranged in parallel is shown in Figure 8a. According to the electroacoustic analogy
method, the surface impedance of the PPSA absorber array is expressed as:

Z =

(
φ1

Z1
+

φ2

Z2

)−1
(17)

where ϕ1 and ϕ2 are the area ratios of sub-PPSA1 and sub-PPSA2 to the PPSA absorber
array, Z1 and Z2 are the surface impedance of sub-PPSA1 and sub-PPSA2 absorbers,
respectively.
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Next, we will discuss the sound absorption performance of PPSA absorber array. As
an example, a PPSA absorber array with panel thickness t = 2 mm, air cavity D = 100 mm,
diameters of stepped hole d1 =1.5 mm and d2 = 4 mm, and its relevant parameters are listed
in Table 4. The sound absorption coefficients of PPSA absorber array, sub-PPSA absorber
and single PPSA absorber are demonstrated in Figure 8b. It can be observed that, the two
peak of the PPSA absorber array are located at 158 Hz and 208 Hz, and the peaks of sub-



Appl. Sci. 2021, 11, 6180 11 of 14

PPSA1 and sub-PPSA2 absorber are positioned at 154 Hz and 213 Hz, respectively. That is,
the two peaks of the PPSA absorber array are corresponding to those of sub-PPSA1 and
sub-PPSA2 absorber, and the apparent frequency shift can be attributed to the interaction of
sub-PPSA1 and sub-PPSA2. In addition, the PPSA absorber array has a sound absorption
coefficient greater than 0.6 from 129 Hz to 257 Hz, and its sound absorption bandwidth
is about 128 Hz. In contrast, the single PPSA absorber has a sound absorption coefficient
greater than 0.6 from 150 Hz to 237 Hz, and its sound absorption bandwidth is about 87
Hz. Consequently, an array of PPSA absorbers can expand absorption bandwidth for low
frequency under the common coupling effect of multi-local resonances.

Table 4. Parameters for PPSA absorber array and single PPSA absorber.

Parameters
PPSA Absorber Array Single PPSA

AbsorberSub-PPSA1 Sub-PPSA2

d(d1/d2) (mm) 1.5/4 4 1.5/4
t(t1/t2) (mm) 1/1 1/1 1/1
σ(σ1/σ2) (%) 0.095/0.67 0.185/1.315 0.28/1.98

Intuitively, Figure 8c shows the distribution of the normalized sound pressure and
particle velocity at two absorption peak frequencies f = 158 Hz and f = 208 Hz. As observed,
at f = 158 Hz, the sound pressure in the air cavity of sub-PPSA1 is approximately four
times higher than that of the incident sound field, and most of the particle velocity flow is
distributed in sub-PPSA1 absorber. Similarly, at f = 208 Hz, due to strong local resonance,
the maximum sound pressure and particle velocity flow are mostly concentrated in the
sub-PPSA2 absorber, and even the sound pressure does not change in the Sub-PPSA1.
Thus, it is confirmed that acoustic energy is mainly dissipated by the local resonances of
the PPSA absorber array.

For PPSA absorber array and single PPSA absorber, the measured and theoretical
sound absorption of sample 1 and sample 2 are shown in Figures 9 and 10, respectively.
The air cavity depth of two samples is 80 mm, and the approximate parameters for samples
are given in Table 5. There are some differences between the measured and the theoretical
absorption coefficients, as well as the acoustic impedance, but their sound absorption
characteristics are almost identical. For PPSA absorber array1, as shown in Figure 9a, the
measured sound absorption coefficient is higher than 0.5 from 141 Hz to 280 Hz, and its
effective sound absorption bandwidth is about 105 Hz. While for single PPSA absorber1,
the measured sound absorption coefficient is above 0.5 from 153 Hz to 247 Hz, and its
effective sound absorption bandwidth is about 59 Hz. Moreover, compared to a single
PPSA absorber without partition, as observed in Figure 9b, the specific reactance of the
PPSA absorber array changes relatively slowly and tends to 0, and its specific acoustic
resistance is close to 1 except for the non-strong coupling domain of the sub-PPSA absorber.
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Table 5. Parameters of Samples of PPSA absorber array and single PPSA absorber.

Sample 1
Parameters

PPSA Absorber Array1 Single PPSA
Absorber1Sub-PPSA1 Sub-PPSA2

d(d1/d2) (mm) 1.8/3 1.8/3 1.8/3
t(t1/t2) (mm) 1/1 1/1 1/1
σ(σ1/σ2) (%) 0.095/0.27 0.195/0.54 0.29/0.81

Sample 2
Parameters

PPSA absorber array2 Single PPSA
Absorber2Sub-PPSA1 Sub-PPSA2

d(d1/d2) (mm) 1.8/3.8 1.8/3.8 1.8/3.8
t(t1/t2) (mm) 1/1 1/1 1/1
σ(σ1/σ2) (%) 0.14/0.615 0.275/1.23 0.415/1.845

Similarly, for PPSA absorber array2, as shown in Figure 10a, the measured sound
absorption coefficient is higher than 0.5 from 165 Hz to 334 Hz, and its effective sound
absorption bandwidth is about 129 Hz. While for single PPSA absorber2, the measured
sound absorption coefficient is above 0.5 from 186 Hz to 302 Hz, and its effective sound
absorption bandwidth is about 72 Hz. In addition, Figure 10b exhibits that the acoustic
impedance characteristics of PPSA absorber array2 are the same as that of PPSA absorber
array1. In summary, it is also demonstrated that the PPSA absorber array has the potential
to enhance sound absorption compared to a single PPSA absorber. In addition, the overall
dimensions of the fabricated specimens are 82 mm, which are only about 1/30th and 1/27th
of the maximum wavelength of the semi-absorption coefficient, indicating that the PPSA
absorber array is a compact structure for low frequency sound absorption.

4. Conclusions

In this paper, a PPSA absorber is studied to improve sound absorption for low frequen-
cies. The advantages of the PPSA are that it matches acoustic resistance of air characteristic
impedance and moderately increase acoustic mass by introducing stepped hole. The the-
oretical and numerical predictions agree well with the experimental results. In addition,
an array consisting of two PPSA absorbers arranged in parallel is explored, and PPSA
absorber array exhibits an effective broadband sound absorption due to the coupling effect
of local resonances. The measured results also show that PPSA absorber array as a compact
structure has the potential to control large wavelength noise in a limit space. Consequently,
the proposed PPSA provides a meaningful method for the application of perforated plates
in low frequency sound absorption. Moreover, in the subsequent work, we will investigate
the sound absorption characteristics of the array structure of multiple inhomogeneous
PPSA absorbers with different cavities.
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